Introduction
Three-dimensional perception can be induced in humans by stimuli containing only binocular horizontal disparity as depth cue. This is the critical information extracted by the visual system in random-dot stereograms (RDS) as introduced a long time ago [1, 2] . Psychophysical studies employing such stimuli have repeatedly illustrated that observers can learn to perceive 3-D structures contained in RDS stimuli [2±5] : most normal subjects need several seconds or even longer to identify stereoscopic targets and this response time drops signi®-cantly with practice.
The present investigation is based on two lines of research. First, in earlier studies from our laboratory, we have shown that processing of disparity information is re¯ected in brain electrical activity originating from the human visual cortex [6, 7] , and different disparities are re¯ected by differences in electrophysiological activation [8] . In patients with de®cient binocular interaction and de®cient stereovision, electrical activity is signi®cantly reduced in amplitude and prolonged in latency [9] . Human brain electrical activity can also be employed to predict psychophysical thresholds for 3-D targets moving in depth [10] . Thus the use of dynamic RDS combined with non-invasive electrophysiological measurements offers a unique possibility to isolate and study sensory mechanisms in the human visual cortex. Second, perceptual learning of vernier stimuli and the psychophysically measured improvement in discrimination ability is associated with signi®cant changes in electrophysiological parameters and the activation of different neuronal assemblies in the human visual cortex [11, 12] . On this basis we expect that learning to see 3-D shapes will correlate with alterations of brain electrical activity of normal human subjects.
In the present study we investigated whether healthy volunteers improved their perception over time when they are presented with 3-D stimuli below threshold. Simultaneously, stimulus-locked brain electrical activity was recorded in order to detect changes in neural correlates during discrimination improvement. Multichannel recordings allow for a topographical analysis where changes in the spatial distribution of brain electric activity point to the activation of different intracerebral neuronal assemblies. We will show that perceptual learning occurs implicitly and that it is paralleled by changes in the topography of brain electrical ®elds elicited by steady-state dynamic RDS stimuli, illustrating that at least in part different neuronal populations are activated after observing sub-threshold stimuli and perceptual learning.
Materials and Methods
Subjects, stimulus and psychophysical thresholds: Sixteen healthy adults (nine females, seven males) between 19 and 31 years of age (mean 24.2 years) with normal or corrected-to-normal vision participated in the experiments. All subjects had normal stereo acuity (ranging from 15" to 60") with a mean disparity threshold of 37.5" as determined with a commercial, clinical stereo test (TNO Test for Stereoscopic Vision).
Dynamic random-dot patterns with a dot density of 40% and a pixel size of 33.7" were generated by a Macintosh 7500 computer and presented on an Eizo monitor as a circular test ®eld with a diameter of 8.768. A chin±forehead rest was used, and the subject ®xated a central ®xation mark on the display binocularly at a viewing distance of 1.5 m.
It is known for a very long time that stereoscopic half-images can be temporally integrated [13] and this method was employed to present binocular disparate information separately to the left and right eye. Using LCD shutter glasses, dynamic randomdot stereograms were presented as monocular halfimages alternately at a rate of 67.4 Hz. The shutter glasses were triggered by the monitor frequency so that every second image was presented to one eye only resulting in a mean luminance of 13 cd/m 2 .
Disparities changed at a rate of 6.74 Hz, resulting in an onset/offset presentation of 3-D stimuli, and by introducing horizontal disparities (between 19 and 99) the percept of different 3-D patterns was generated in the central 2.82 3 2.828 of the display. For threshold determination, four different targets (horizontal or vertical bars of low (0.9 cycles/degree) or high (1.6 cycles/degree) spatial frequency were presented in a randomized sequence. The subjects had to indicate in a four-alternative forced-choice task which pattern was identi®ed. At the beginning of the experiment, the psychophysical threshold of each observer was determined where the criterion was set to 62.5% correct responses. Thresholds were computed on the basis of 64 stimulus presentations by ®tting a logistic function to the data [14] .
Electrophysiological recordings: Brain electric activity was recorded in 30 channels simultaneously from a regularly spaced electrode array starting at the inion, and extending in steps of 10% of the nasioninion distance to C z (see head scheme in Fig. 1 ).
Interelectrode distances of 10% of the nasion inion distance were also used in the left±right direction. An electrode at P z served as recording reference; for analysis all recordings were referred to the computed average reference. The EEG was ampli®ed with Braintronics ISO 1032 ampli®ers, bandpassed between 1.6 and 70 Hz and digitized at a rate of 500 Hz. In order to monitor eye movements and blinks, the horizontal and vertical EOGs were measured simultaneously with the EEG. In each trial, different stereoscopic targets were presented below threshold for 31.14 s with a onset/ offset frequency of 6.74 Hz in randomized order. Recordings lasted 16 min in total, and horizontal disparities were selected at 65% of the individual subjective threshold (mean psychophysical threshold 4.549; disparity used in the electrophysiological experiments 2.989) During recording, after seeing a stimulus for 31.14 s the subjects' task was to report which pattern they had identi®ed. This was repeated 32 times resulting in two blocks of 480 averaged evoked responses in the ®rst and in the second half of the experiment. Discrimination performance was recorded and monitored throughout the experiment. These data were used to assign individual subjects to a group of learners or non-learners.
All signals were written continuously to hard disk, and the EEG was screened for artifacts after each experiment. Artifact-free segments of EEG following stimulus onset were averaged off-line over a time interval of 1.038 s, Fourier-analyzed and brain activity at the fundamental frequency of the stimulus and its harmonics was used for further analysis. This resulted in two sets of 30 channel average evoked potentials for each subject (before and after) learning re¯ecting the scalp distributions of stimulus-locked brain activation. In order to de®ne topographical characteristics we determined the location of the centers of gravity of each potential ®eld distribution elicited at the response frequency of 6.74 Hz. The statistically signi®cant effects of improved sensitivity to 3-D targets (i.e. perceptual learning) on these topographical descriptors are presented.
Results
In nine of 16 subjects we observed signi®cant improvements in perception where discrimination performance increased signi®cantly from 25.7% correct responses during the ®rst 8 min to 57.9% in the second half of the experiment. These psychophysical results were used to assign individual observers to à learners' group (n 9) and to a group of`nonlearners' (n 7), and the electrophysiological data were analyzed separately for these groups.
Brain electrical activity evoked by stereoscopic stimuli is illustrated in Fig. 1 as topographical maps for the groups of the learning and of the nonlearning subjects. Potential ®eld distributions over the occipito-parietal brain areas elicited before and after learning are shown. These maps display brain electrical activity at the response frequency of 6.74 Hz (same as the stimulus frequency) which carried the dominant response revealed in power spectra of the brain electrical signals. Figure 1 indicates that the topographical distributions evoked by stimuli presented in the ®rst and second half of the experiment are more similar for the non-learners than for the learners. For the learning group only a low correlation existed between maps evoked before and after learning (r 0.15). This indicates that maps are not constant and change during the time course of the experiment. On the other hand, the nonlearners displayed distributions that were very similar (r 0.72), showing no alteration of brain activity over time. This group difference in correlation between maps is signi®cant ( p , 0.008, two-tailed) illustrating that brain electrical activity changes in the learners in the course of the experiment while no changes occurred in subjects who did not improve in perceptual performance.
In a ®rst step of analysis of topography, we tested for effects of electrode location and learning (®rst vs second half of the experiment) on the evoked amplitudes. The data were scaled by vector length according to an earlier proposal [15] before ANOVAs were computed in order to eliminate amplitude differences between conditions, thereby focusing the analysis exclusively on differences in the shape of voltage differences across electrode locations. There was a pronounced effect of electrode site for both groups of subjects (learners F(29,232) 1.89, p , 0.006; non-learners F(29,174) 4.55, p , 0.001). This result was expected since it simply re¯ects differences between electrodes within the recording area. Of more interest in the present study are effects introduced by learning, and an interaction effect on amplitudes between electrode location and learning was found only in the group of learning subjects (F(29,232) 1.77, p , 0.01), while it was not signi®-cant in the non-learners (F(29,174) 0.84, n.s).
In order to characterize and quantify the topographic distributions we determined the location of the point of gravity within each potential map. This descriptor is a reasonable estimate of the mean of all active intracerebral sources. Such locations were determined for each subject and experimental condition, and it was used to compare scalp topography between conditions. The mean topographical locations are illustrated in Fig. 2 separately for the group of learners (left) and non-learners (right). The center of the activity is always close to P z , re¯ecting activation of parieto-occipital brain areas.
There are differences in topography between groups: when the data obtained in the ®rst and second half of the experiment are compared, no effects occurred in subjects that did not improve in perception (t 0.078, n.s). In the learning group, however, signi®cant topographic changes were observed of the center of activity locations in the left± right direction (t 2.82, p , 0.025). These locations changed from the midline towards the right hemisphere. The locations in the anterior±posterior direction remained stable, and they were not affected by group or time course of the experiment.
Discussion
Our results con®rm that the repeated exposure to visual stimuli containing binocular horizontal disparity may be followed by signi®cant improvements in sensory discrimination even after viewing only stimuli below threshold. Better performance after training has been demonstrated in psychophysical experiments for various visual functions such as the detection and phase discrimination of grating stimuli [16, 17] and vernier acuity [11, 18, 19] . Learning of static RDS stimuli has been reported by other authors [5, 20] . Similar to the results of the present experiments, not all subjects displayed the same amount of perceptual learning. For example, with foveal stereoscopic stimuli signi®cantly lowered thresholds after training were found only in one of two subjects [4] . In our experiments, time for learning with subthreshold stimuli was restricted to only 8 min, and it is conceivable that some subjects need longer exposure to RDS patterns before discrimination performance increases.
In the group of learners, there were signi®cant changes in topography of brain electrical activity originating from the visual cortex. Since differences in the scalp distributions must be caused by the activation of at least partially different neuronal generators, the observed changes in topography of brain electrical activity indicate that neuronal assemblies were activated in a different way before and after learning. We note that better perceptual performance is not simply related to more activity of the same neurons as there were no overall increased neural responses, but to very speci®c local changes in the spatio-temporal pattern of activation. Such complex alterations in the cortical dynamics are in line with our earlier observations on neural correlates of perceptual learning in humans [12] indicating that different neural assemblies are activated by identical physical stimuli after learning to see 3-D structures. In a similar line, neurophysiological studies on the cortical plasticity of animals established that the representation of sensory functions in the cortex is not hard-wired, but can change as a result of repeated stimulus processing. Neuronal correlates of perceptual learning were found in animals trained for perceptual discrimination of somatosensory stimuli where the response properties of cortical neurons changed after training [21] . In the mammalian visual system, functional changes in receptive ®eld organization of cortical neurons occur within short intervals after retinal lesions [22] . These reports are in line with our observation that the cortical response patterns are altered within minutes of exposure to visual stimuli below threshold.
The perceptual improvement we describe occurred with subthreshold stimuli and thus correspond to implicit learning. In line with our observations, many previous studies on subliminal perception and implicit learning in normal subjects [23] and`blindsight' in brain-damaged patients [24, 25] suggest that perceptual processing and learning are also possible without conscious awareness.
Conclusion
Our results illustrate that normal observers can learn to see 3-D stimuli within brief time epochs when they are presented with subthreshold dynamic RDS. This perceptual learning in¯uences the topography of brain electrical activity in a systematic way with effects on the spatial distribution of activated neuronal assemblies in the parieto-occipital areas of the human visual cortex. Neuronal activation depends not only physical stimulus parameters but also on perceptual mechanisms and previous experience of the observers with similar stimuli.
